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COLLISIONAL IONIZATION RATES FOR LITHIUM- AND 
>k 
BERYLLIUM-LIKE IONS 
H. -J .  Kunze 
Department of Phys ics  and Astronomy 
U n i v e r s i t y  o f  Maryland 
Col lege  Park, Maryland 20742 
C o l l i s i o n a l  i o n i z a t i o n  r a t e s  f o r  C I V ,  N V and O V I  a s  w e l l  
as f o r  0 V and Ne V I I  a r e  deduced from t h e  t ime h i s t o r y  o f  s p e c t r a l  
l i n e s  e m i t t e d  by t h e s e  i o n s  i n  a  h o t  plasma. The plasma ( i n  t h e  
e l e c t r o n  t empera tu re  range 100 eV t o  260 eV) i s  produced i n  a  15 
k J o u l e  t h e t a  p inch  d e v i c e ,  and i t  i s  ana lyzed  us ing  t h e  l i g h t  
s c a t t e r i n g  t echn ique .  The r e s u l t s  are with theoretical 
c a l c u l a t i o n s  f o r  0 V I  and w i t h  a  semiempi r ica l  formula  
based on t h e o r e t i c a l  c a l c u l a t i o n s  f o r  hydrogenic  i o n s  b u t  s m a l l e r  
by f a c t o r s  1 . 5  - 2 .  
A 
Work suppor ted  by t h e  O f f i c e  o f  Naval Research.  
1. I n t r o d u c t i o n  
Cross s e c t i o n s  f o r  i o n i z a t i o n  by e l e c t r o n  impact  have been 
1 
measured now f o r  many n e u t r a l  and some s i n g l y  i o n i z e d  atoms . The 
techn ique  u s u a l l y  employed i s  t h e  crossed-beam method. With i n c r e a s i n g  
charge  such measurements become v e r y  d i f f i c u l t .  Not o n l y  a r e  the11 t h e  
c r o s s  s e c t i o n s  d e c r e a s i n g  r a p i d l y ,  b u t  i t  a l s o  i s  more d i f f i c u l t  t o  obtain 
s u i t a b l e  h i g h - c u r r e n t  i o n  beams. The c r o s s  s e c t i o n s  f o r  i o n i z a t i o n  of 
some doubly i o n i z e d  a p p e a r ,  a t  p r e s e n t ,  t o  b e  t h e  on ly  ones 
meiisured f o r  h i g h e r  i o n i z a t i o n  s t a g e s .  M u l t i p l y  i o n i z e d  atoms, however, 
a r e  impor tan t  i n  many l a b o r a t o r y  and a s t r o p h y s i c a l  plasmas.  I n  most of 
t h e s e  a p p l i c a t i o n s  on ly  t h e  corresponding r a t e  c o e f f i c i e n t s  a r e  needed,* 
Such i o n i z a t i o n  r a t e  c o e f f i c i e n t s  can b e  deduced from t h e  s p e c t r o s c o p i c  
a n a l y s i s  o f  a  wel l -diagnosed plasma, a s  was shown f o r  neon i o n s  i n  a 
5 
s t e l l a r a t o r  d i s c h a r g e 4  and f o r  hel ium-- l ike  CV i n  a  t h e t a  p inch  plasma " 
( E x c i t a t i o n  c o e f f i c i e n t s  have been o b t a i n e d  by t h i s  method as w e l l  and 
w i l l  b e  t h e  s u b j e c t  o f  a n o t h e r  paper . )  I n  t h e  fo l lowing  we p r e s e n t  
i o n i z a t i o n  r a c e s  f o r  i o n s  o f  t h e  l i t h i u m - l i k e  and b e r y l l i u m - l i k e  
i s o e l e c t r o n i c  sequences  o b t a i n e d  w i t h  a  t h e t a  p inch  dev ice .  
2. T h e o r e t i c a l  I o n i z a t i o n  Rates  
T h e o r e t i c a l  c r o s s  s e c t i o n s  f o r  i o n i z a t i o n  from t h e  ground s k a t e  
s p e c i f i c a l l y  of l i t h i u m - l i k e  and b e r y l l i u m - l i k e  i o n s  have been c a l c u i a t e d  
by T r e f f t z  and Mal ik  f o r  0 V I  and 0 V us ing  t h e  Coulomb-Born-Oppenheime-r 
6 7 
method and t h e  d i s t o r t e d  wave approx imat ion  . Recent ly  ~ S c h w a r t z  8 
c a l c u l a t e d  t h e  i o n i z a t i o n  c r o s s  s e c t i o n s  f o r  8 V I  f o r  i o n i z a t i o n  from t h e  
ground s t a t e  a s  w e l l  a s  from t h e  2p e x c i t e d  l e v e l  i n  t h e  Coulomb-Born I1 
approximat ion.  The c a l c u l a t i o n s  i n c l u d e  d i s t o r t i o n  $which w a s  found te 
i n c r e a s e  t h e  c r o s s  s e c t i o n  by abou t  22% a t  1.5 t imes  t h e  t h r e s h o l d  energy 
and t o  a  l e s s e r  e x t e n t  a t  lower and h i g h e r  impact  e n e r g i e s  ( f o r  example 
on ly  13% a t  5 t imes t h r e s h o l d ) .  
The reduced c r o s s  s e c t i o n  o f  Schtaartz f o r  t h e  i o n i z a t i o n  frcm t h e  
2s  l e v e l  o f  O V I  a g r e e s  t o  w i t h i n  PO% w i t h  t h e  reduced c r o s s  s e c t i o n  f o r  
i o n i z a t i o n  from t h e  l s  l e v e l  o f  a hydrogenic  i o n  o f  charge  Z = 1 2 8  as 
9 
c a l c u l a t e d  by Rudge and Schwartz i n  t h e  Born exchange approximat ion.  
6 The reduced c r o s s  s e c t r u L l  f o r  O VI a s  g iven  by T r e f f t z  shows e s s e n t i a r l y  
t h e  same maximum v a l u e ,  however, t h e  peak i s  s h i f t e d  t o  lower e n e r g i e s  
and h e r  c r o s s  s e c t i o n  i s  s m a l l e r  a t  h i g h e r  e n e r g i e s  ( e  .g . by 30% ar four 
t imes  t h r e s h o l d . )  F i n a l l y ,  t h e  reduced c r o s s  s e c t i o n  f o r  i o n i z a t i o n  
from t h e  2p l e v e l  a s  o b t a i n e d  by schwartz8 i s  somewhat l a r g e r  than  tha: 
f o r  i o n i z a t i o n  from the 2s  l e v e l  ( b y a 3 L %  a t  1 ,125 t i m e s  thresho:.d 
andbyQQ% a t  5 t i m e s  t h r e s h o l d ) ,  
Using an e m p i r i c a l  formula  w i t h  t h r e e  f r e e  pa ramete rs  Lotz  1 0  
approximated a l l  e x p e r i m e n t a l l y  determined c r o s s  s e c t i o n  c u r v e s  t o  
w i t h i n  10% and p r e d i c t e d  many unknown c r o s s  s e c t i o n s .  For i o n s  four and 
more t imes  i o n i z e d  h i s  formula  reduces  t o  one w i t h  a s i n g l e  f r e e  parmeter ,  
and t h e n  e s s e n t i a l l y  a g r e e s  w i t h  t h e  c a l c u l a t i o n s  of Rudge and Schwartz 9 
f o r  a hydrogen- l ike  i o n  w i t h  h i g h  Z-number. Rate  c o e f f i c i e n t s  d e r i v e d  
1 0  from t h e  p r e d i c t e d  c r o s s  s e c t i o n s  have been computed and a r e  t a b u l a t e d  
i n  Ref ,  11. 
For many a p p l i c a t i o n s  a  s imple  e x p r e s s i o n  o f  g e n e r a l  v a l i d i t y  for 
t h e  i o n i z a t i o n  r a t e s  would b e  more d e s i r a b l e .  A good s t a r t i n g  point 1.2 
i s  t h e  well-known e f f e c t i v e  Gaunt f a c t o r  e x c i t a t i o n  r a t e ,  where the 
averaged Gaunt f a c t o r  must now a l l o w ,  o f  c o u r s e ,  f o r  a l l  e l e c t r i c  
m d t i p o l e  t r a n s i t i o n s .  Smming over  f i n a l  s t a t e s  and assuming t h a t  zlae 
Gaunt f a c t o r  s c a l e s  p r o p o r t i o n a l  t o  t h e  p r i n c i p a l  quantum n d e r  i n  
o r d e r  t o  o b t a i n  t h e  c o r r e c t  s c a l i n g  law, t h i s  p rocedure  s u g g e s t s  a  r a t e  
c o e f f i c i e n t  f o r  i o n i z a t i o n  from a  s t a t e  i o f  t h e  form 
. oi (kT) E 
Ii = E, f 3kT exp (- & * 
1 1  
Here ni i s  t h e  n m b e r  o f  e l e c t r o n s  i n  t h e  i - t h  s h e l l  and E .  t h e  
I 
i o n i z a t i o n  energy.  Both kT and E .  a r e  i n  eV, The f a c t o r  A(T) c o n s i s t s ,  
1 
b e s i d e s  of a c o n s t a n t ,  e s s e n t i a l l y  of t h e  e f f e c t i v e  Gaunt f a c t o r ,  If we 
compare Eq.  (1) w i t h  t h e  r a t e  c o e f f i c i e n t s  d e r i v e d  from t h e  Born exchange 
approximat ion f o r  hydrogenic  i o n s 9  we can deduce t h e  f a c t o r  A ( T ) .  We 
choose a s  a  Q 10% f i t  i n  t h e  t empera tu re  range  1 / 1 0  E < kT 10 E. i - I 
I n  t h e  same tempera tu re  range  t h e s e  r a t e  c o e f f i c i e n t s  a g r e e  w i t h  
t h e  p r e d i c t i o n s  given by L o t z l l  t o  w i t h i n  15% f o r  a l l  i o n s  o f  t h e  
hydrogen, he l ium,  l i t h i u m  and b e r y l l i u m  i s o e l e c t r o n i c  sequences  of 
charge g r e a t e r  than  t h r e e .  The above f o n n u l a  approximates  t h e  r a e e s  
8 f o r  0 V I  d e r i v e d  from S c h w a r t z v s  c a l c u l a t i o n s  a l s o  t o  w i t h i n  Q 102,  and 
a g r e e s  w i t h  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t  o b t a i n e d  f o r  h e l i u m - l i k e  
5 C V . We f i n a l l y  can make a  comparis ion w i t h  s p e c i f i c  c a l c u l a t i o n s  
1 3  f o r  C V and C VF i n  t h e  Coulomb-Born approximat ion The agreement 
f o r  C V i s  v e r y  good ( t o  b e t t e r  than 1 5 % ) ,  whereas t h e  r a t e s  f o r  
i o n i z a t i o n  from t h e  ground s t a t e  o f  C VL a r e  l a r g e r  by about  a  f a c t o r  
of Q, 1 . 4  i n  Ref .  13, 
Equat ion (2) may a l s o  y i e l d  i o n i z a t i o n  r a t e s  from e x c i t e d  l e v e l s ,  
Beigman and Vainshtz in13 c a l c u l a t e d  t h e  i o n i z a t i o n  rates from t h e  2s 
and 2p l e v e l  o f  C V L .  Over t h e  whole t empera tu re  r a n g e  1 / 1 0  Ei kT 
.: 1 0  E t h e  r a t e s  averaged o v e r  s and p  l e v e l s a g r e e  t o  w i t h i n  25% w i t h  
wP i 
E q ,  (21,  A s i m i l a r  agreement i s  o b t a i n e d  f o r  t h e  i o n i z a t i o n  from the 
2 s  l e v e l  of hydrogen ic  i o n s  a s  c a l c u l a t e d  i n  Ref. 9 .  Equat ion (21 ,  o E course, 
approximates  t h e  2 p - i o n i z a t i o n  f o r  0 V I  a s  c a l c u l a t e d  by Schwartz t o  
w i t h i n  % 20%. 
When c o n s i d e r i n g  t h e  grorvrd s t a t e  i o n i z a t i o n  o f  l i t h i u m - l i k e  
and b e r y l l i u m - l i k e  i o n s  one might have t o  account  f o r  c o n t r i b u t i o n s  
from t h e  f i l l e d  1s s h e l l  ( s e e  Ref. 11). For  l a r g e  Z t h e s e  c o n t r i b u t i o n s  
a r e  reasonab ly  w e l l  approximated by t h e  r a t e  c o e f f i c i e n t  f o r  i o n i z a t i o n  
o f  t h e  corresponding hel-ium-like i o n ;  t h i s  can b e  shown by comparing 
Eq. (2)  f o r  a  he l ium- l ike  i o n  w i t h  t h e  r a t e s  f o r  K-shel l  i o n i z a t i o n  of  
94 
t h e  n e u t r a l  atom a s  deduced from measured c r o s s  s e c t i o n s  One o b t z i n s  
t h u s  c o n t r i b u t i o n s  from i n n e r  s h e l l s  s m a l l e r  t h a n  20%. They can iLhereFore 
b e  n e g l e c t e d ,  a t  l e a s t  f o r  most a p p l i c a t i o n s  where kT - < PO E in 
3 .  P r i n c i p l e  o f  t h e  Measurements - 
The p r i n c i p l e  o f  t h e  measurements i s  i d e n t i c a l  t o  t h a t  used by 
4 Hinnov . The atoms of  i n t e r e s t  a r e  i n t r o d u c e d  i n t o  a plasma which i s  
h e a t e d  and compressed t o  d e s i r e d  t empera tu res  and d e n s i t i e s ,  The i o n s  
go then s u c c e s s i v e l y  through t h e  v a r i o u s  i o n i z a t i o n  s t a g e s ,  t h e  degree  
of i o n i z a t i o n  l a g g i n g  beh ind  t h e  cor responding  q u a s i - s t a t i o n a r y  corona 
e q u i l i b r i u m ,  During t h a t  t i n e  t h e y  emi t  l i n e  r a d i a t i o n ,  t h e  t ime  histor] 
of which can b e  i n t e r p r e t e d  i n  terms of d e s i r e d  i o n i z a t i o n  r a t e  coefficients, 
The c o n c e n t r a t i o n  N .  of  t h e  j - t h  i o n i z a t i o n  s t a g e  i s  determined by 
J 
t h e  fo l lowing  r a t e  e q u a t i o n  
where N i s  t h e  e l e c t r o n  d e n s i t y  and a t h e  recombinat ion r a t e  c o e f f i c i e n t ,  j 
The Las t  tern i n  E q ,  (3) i s  a s o u r c e  t e r n  keep ing  t h e  t o t a l  c o n c e n t r a t i o n  
o f  che i o n s  c o n s t a n t  d u r i n g  compression o r  expansion phases  of t h e  discharge, 
For t h e  plasma c o n d i t i o n s  used i n  t h e  p r e s e n t  z x p e r i n e n t  t h e  
recombinat ion r a t e s  u s u a l l y  a r e  s o  s m a l l  t h a t  they can be n e g l e c t e d ,  
Th is  s i m p l i f i e s  E q .  (3) c o n s i d e r a b l y :  t h e  c o n c e n t r a t i o n s  of t h e  i o n s  are 
t h e n  s o l e l y  governed b y  the i o n i z a t i o n  r a t e s .  I n  E q .  (3) t h e  products N . 1 ,  
3 .. 
r e p r e s e n t  t h e  sum of t h e  i o n i z a t i o n  r a t e s  from t h e  ground s t a t e  and al- 
e x c i t e d  l e v e l s ,  among which c o n t r i b u t i o n s  from m e t a s t a b l e  l e v e l s  can b e  
5 
consi-derable .  A s  was shown f o r  hel-ium-like C V  , t h e s e  c o n t r i b u t i o n s  :ram 
e x c i t e d  m e t a s t a b l e  l e v e l s  cou ld  b e  made s m a l l  by going t o  low e l e c t r o n  
d e n s i t i e s ,  s o  t h a t  t h e  i o n i z a t i o n  occured s o l e l y  from t h e  g r o ~ n d  
s t a t e ,  I n  t h i s  l i m i t  i t  i s  a l s o  j u s t i f i e d  t o  assume n e a r l y  a14 lens 
t o  b e  i n  t h e i r  r e s p e c t i v e  ground s t a t e s .  
For an o p t i c a l l y  t h i n  al lowed l i n e ,  whose upper l e v e l  i s  e s s e n t i a l l y  
popula ted  by e l e c t r o n  c o l l i s i o n s  from t h e  ground s t a t e ,  t h e  emiss ion  
c o e f f i c i e n t  i s  g iven  by 
N .  now r e p r e s e n t i n g  t h e  ground s t a t e  p o p u l a t i o n  and X t h e  r a t e  c o e f f i c i e n t  
J 
f o r  e x c i t a t i o n  from t h e  gro-md s t a t e .  I f  N and X were c o n s t a n t ,  t k e  t i r e  
h i s t o r y  o f  t h e  l i n e  would r e f l e c t  e x a c t l y  t h e  t ime  h i s t o r y  o f  t h e  r e s p e c t i v e  
i o n ,  Otherwise ,  t h e  t ime v a r i a t i o n  o f  N and X can r e a d i l y  be  c o r r e c t e a  far 
even i f  t h e  a b s o l u t e  v a l u e  of X i s  noC known t o o  a c c u r a t e l y .  Its ttme 
dependence shou ld  b e  p r e s e n t e d  s u f f i c i e n t l y  w e l l  by t h e  e f f e c t i v e  G a u n t  
f a c t o r  approximat ion ( s e e  f o r  example Ref ,  1 5 ) ,  a t  l e a s t  f o r  t h e  u s u a l l y  
s m a l l  t empera tu re  v a r i a t i o n s  c c c u r i n g  d u r i n g  t h e  emiss ion  o f  many of t h e  
S i n e s  i n v e s t i g a t e d  i n  01 .c pl-asma, For t h e  s o l u t i o n  o f  Eq.  (3) and Eq, ( 4 )  
one mos t ly  h a s  t o  know t h e  e l e c t r o n  d e n s i t y  and t empera tu re .  Both were 
16 determined us ing  t h e  l i g h t  s c a t t e r i n g  t echn ique  . 
With t h e  measured e l e c t r o n  d e n s i t y  and t empera tu re  a s  i n p u t  t t e  
coupled r a t e  e q u a t i o n s  ( 3 )  were s o l v e d  us ing  a computer program P7,18 
The i o n i z a t i o n  r a t e s  used were e s s e n t i a l l y  t h o s e  g iven  by Eq.  ( 2 ) ,  Eowever ,  
a va r iab le .  f a c t o r  R was i n t r o d u c e d  by 
which was v a r i e d  u n t i l  the c a l c u l a t e d  t i a l e  h i s t o r i e s  o b t a i n e d  w i t h  Eq  , ( 4 )  
agreed w i t h  t h o s e  of t h e  observed l i n e s ,  
E s p e c i a l l y  f o r  h i g h e r  i o n i z a t i o n  s t a g e s ,  one h a s  t o  check whether  the L:eglect 
of recombinat ion i s  s t i l l  j u s t i f i e d .  Using recombinat ion r a t e s  a s  
g iven  by ~ G c h s  sad ~ r i e r n j ~  t h i s  was found t o  b e  t h e  c a s e  f o r  our  conditions 
We f i n a l l y  have t o  c o n s i d e r  t h e  p a r t i c u l a r  i o n s  be ing  i n v e s t i g a t e d  
h e r e .  I o n s  of t h e  l i t h i u m  i s o e l e c t r o n i c  sequence a r e  c h a r a c t e r i z e d  by 
2  
a  Low-lying 2p P l e v e l .  With i n c r e a s i n g  e l e c t r o n  d e n s i t y  i t s  p o p u l a t i o n  
w i l l  approach t h e  Boltzmann v a l u e ,  and i o n i z a t i o n  from i t  would b e  s tsorrger  
t h a n  from t h e  ground s t a t e .  A t  lower d e n s i t i e s  t h e  p o p u l a t i o n  can be  
o b t a i n e d  by e q u a t i n g  c o l l l s i o n a l  r a t e s  i n t o  t h a t  s t a t e  w i t h  r a d i a t i v e  
and c o l L i s i o n a l  r a t e s  o u t  o f  i t ,  Using e x c i t a t i o n  r a t e s  as g iven  by 
2 0 Bely lS  and by Burke e t  a l .  ,arid t r a n s i t i o n  p r o b a b i l i t i e s  a s  g iven  by 
2: Wiese e t  a l .  one f i n d s ,  e , g , ,  f o r  extreme c o n d i t i o n s  i n  o u r  exper iment  
15 -3 ( N ~ 7 . 1 0  cn  , T 1150 e V )  t h a t  i n  t h i s  c a s e  on ly  $6Q% of a l l  NV i3ns  
e  
2 
a r e  i n  t h e  ground s t a t e  and a lmost  40% i n  t h e  e x c i t e d  2p P l e v e l ,  
"- 
r u r  h i g h e r  i o n s  i n  t h e  i sok7-ec t ron ic  sequence t h e  p o p u l a t i o n  o f  t h r s  
Level 7 7 i l l  b e ,  o f  course, much s m a l l e r .  
En g e n e r a l ,  one w i l l  obtain an average i o n i z a t i o n  r a t e  coeffAcien: 
( c o n t r i b u t i o n s  froin higt.,eL l e v e l s  be ing  s m a l l  due t o  low p o p u l a t i o n  
d e n s i t i e s )  g i v e n  hy 
The i o n i z a t i o n  from t h e  2p  Level  can b e  e s t i m a t e d  from Eq. ( 2 1 ,  
i n  our  exper iment  t h e  e l e c t r o n  t empera tu res  are o f  t h e  o r d e r  of t h e  
i o n i z a t i o n  e n e r g i e s  o f  t h e  i o n s  i n v e s t i g a t e d ,  and t h e  i d n i z a t i o n  energies 
f o r  t h e  2s  and 2p l e v e l s  a r e  a l s o  o f  t h e  same magnitude [ E(2p);O,SE(2s) 
f o r  CLV and E(2p )>  - 0.9E(2s) f o r  h i g h e r  i o n s  i n  t h e  i s o e l e c t r o n i c  sequence]  : 
i o n i z a t i o n  r a t e s  from t h e  2s  and 2p l e v e l  shou ld  a g r e e ,  t h e r e f o r e ,  f o r  
o u r  c o n d i t i o n s  t o  w i t h i n  ~ 2 0 % .  T h i s  i s s u g g e s t e d  b o t h b y t h e  t h e o r e t i c a l  
8 
c a l c u l a t i o n s  of Schwartz f o r  t h e  i o n i z a t i o n  o f  O V I  and t h o s e  o f  
Beigman and Vainsh te in13  f o r  t h e  i o n i z a t i o n  from t h e  2s and 2p l e v z l s  
of hydrogen ic  C V I .  The e r r o r  i n t r o d u c e d  when i n t e r p r e t i n g  t h e  observed 
i o n i z a t i o n  r a t e s  as s o l e l y  due t o  i o n i z a t i o n  from t h e  ground s t a t e  sh~uj~! 
ba n e g l i g i b l e ,  t h e r e f o r e ,  for our  c o n d i t i o n s .  
We f u r t h e r  have t o  s e l e c t  a p p r o p r i a t e  s p e c t r a l  l i n e s  t o  observe ,  
As  long  a s  t h e  2p l e v e l  p o p u l a t i o n  i s  s u f f i c i e n t l y  s m a l l ,  most upper 
l e v e l s  w i l l  b e  populated d i r e c t l y  by c o l l i s i o n s  from t h e  ground states 
and l l n e s  will r e f l e c t  t h e  ground s t a t e  d e n s i t y  accord ing  t o  E q .  (41, 
T h i s  does  n o t  h o l d  any more, however, f o r  o u r  s p e c i f i c  NV example ,  
Here ,  t h e  s t r o n g e s t  channe l  f o r  p o p u l a t i n g  t h e  3p and 3d l e v e l s  i s  v i a  
2 0 
the 2p  l e v e l  . It i s  b e s t ,  t h e r e f o r e ,  t o  observe  t h e  3s + 2p t r a n s i t i c a ,  
t h e  e.r:citation r a t e  2p -t- 3s be ing  s u f f i c i e n t l y  b e  l o  w  t h e  2s + 3s r a t e ,  
More complicated i s  t h e  s i t u a t i o n  f o r  b e s y l l i m - l i k e  i o n s ,  
which have f i v e  low-lying n=2 e x c i t e d  l e v e l s ,  t h e  lowes t  one be ing  
'2 
even m e t a s t a b l e  (2p 4 P ) ,  9ue t o  t h e  l a r g e  s t a t i s t i c a l  we igh t  
(4 compared t o  1 of tlie ground s t a t e ) ,  i t s  p o p u l a t i o n  w i l l  usualigi  3e 
much l a r g e r  chan t h a t  of the ground s t a t e ,  a l though  i t  i s  n o t  e s t a b l i s h e d  
t h a t  t h e  B o l t z m a ~  value i s  ach ieved ,  For  a l l  our  e x p e r i m e n t a l  c o n d i t i o n s  
3 t h e  i o n i z a t i o n  t h u s  o c c u r s  mainly  from t h e  2 s2p  P m e t a s t a b l e  l e v e l ,  
t h e  average  i o n i z a t i o n  rate be ing  given a g a i n  by a r e l a t i o n  s i m i l a r  t o  E q ,  ( 6 3 ,  
A l l  Eur the r  c o n s i d e r a t i o n s  a r e  analogous t o  t h o s e  for l i t b i u m - l i k e  i o n s ,  
3 t h e  i o n i z a t i o n  r a t e s  from t h e  ground s t a t e  and t h e  2s2p P l e v e l  
a g a i n  b e  p r a c t i c a l l y  t h e  same f o r o u r  c a s e s .  The p o p u l a t i o n  o f  t h e  
o t h e r  low-lying e x c i t e d  l e v e l s  may b e  e s t i m a t e d  u s i n g  semiempirical-  
e x c i t a t i o n  rates ( s e e  e .g .  Ref.  1 5 ) .  However, t h e y  can a l s o  b e  determined 
e x p e r i m e n t a l l y  by measuring t h e  a b s o l u t e  i n t e n s i t i e s  o f  t h e  cor respcnd ing  
3 l ines2 ' .  One can observe  t h e  2p23~-2s2p  P t r a n s i t i o n ,  s i n c e  i t  i s  
3 popula ted  p r i m a r i l y  from t h e  2s2p P l e v e l  and shou ld  t h u s  r e f l e c t  the change 
i n  i t s  p o p u l a t i o n .  If l i n e s  appear  t o  become o p t i c a l l y  t h i c k ,  tral-ssitiolns 
from n=3 l e v e l s  a r e  a l s o  s u i t e d ;  they  w i l l  b e  popula ted  from b o t h  t h e  
ground s t a t e  and Che metas t a b l e  t r i p l e t  l e v e l .  
F i n a l l y ,  t h e  t ime  h i s t o r y  o f  each i o n i z a t i o n  s t a g e  i s  s t r o n g l y  
i n f l u e n c e d  by t h e  h i s t o r y  o f  t h e  p rev ious  i o n i z a t i o n  s t a g e s ,  For t i ~ f s  
r e a s o n  l i n e s  from i o n s  o f  "Lte boron- and c a r b o n - i s o e l e c t r o n i c  sequences  
were a l s o  observed and. t h e i r  time-dependent i n t e n s i t i e s  matched with 
computed v a l u e s ,  
4 ,  Experimen t 
The plasma a~sed f o r  our measurements was produced i n  a t h e t a  
pinch d e v i c e ,  which i s  d e s c r i b e d  i n  Ref,  23. For t h e  p r e s e n t  e x p e r i -  
ments i t  was o p e r a t e d  w i , l  a s t o r e d  energy of 15kJ  i n  t h e  main bark, 
Coppared t o  t h e  d e s c r i p t i o n  i n  Ref. 23 t h e  c a p a c i t a n c e  of t h e  prekieateer 
was i n c r e a s e d  s l i g h t l y  from 0.5pF t o  0 .7pF;  we a l s o  i n c r e a s e d  t h e  
dimping o f  d he p r e h e a t e r  d i s c h a r g e  by i n t r o d u c i n g  a damping r e s i s t o r  
into the d i s c h a r g e  c i r c u i t  and thus  were a b l e  t o  f i r e  t h e  main discharge 
somewhat e a r l i e r .  
Three d i f f e r e n t  d i s c h a r g e  c o n d i t i o n s  were i n v e s t i g a t e d ;  t h e y  
were o b t a i n e d  by v a r y i n g  t h e  f i l l i n g  p r e s s u r e ,  t h e  b i a s  magne t ic  
f i e l d  and t h e  t ime At between t h e  beg inn ing  of t h e  p r e h e a t e r  d i s c h a r g e  
and t h e  i g n i t i o n  of t h e  main bank. The d i s c h a r g e  paramete rs  a r e  g iven  
i n  Tab le  I. 
E l e c t r o n  d e n s i t i e s  and kemperatures were o b t a i n e d  as a f u n c t i o n  
of r a d i u s  and t ime  i n  t h e  midplane of t h e  c o i l  u s i n g  t h e  l i g h t  s c a t t e r i n g  
t echn ique .  The s e t u p  i s  t h e  same a s  used i n  Ref .  5. The a b s o l u t e  
s e n s i r i v i i y  c a l i b r a t i o n  was done a g a i n  u s i n g  t h e  Ray le igh  s c a t t e r i n g  
-27 2 i n  N2. (The c r o s s  s e c t i o n  used was 5 = 1 ,73  a 10 cm ) .  A s  a n  R 
example, F i g ,  E g i v e s  t h e  e l e c t r o n  d e n s i t y  and t empera tu re  as a f u n c t i o n  
of t ime  on t h e  a x i s  of t h e  d i s c h a r g e  t u b e  (r=B) f o r  c a s e  (A) as well as 
t h e  r a d i a l  p r o f i l e s  a t  f o u r  d i f f e r e n t  t ime  p o i n t s .  F i g u r e  1 a l s o  
shows t h e  t ime  h i s t o r y  of che t empera tu re  of  CV i o n s  as deduced from 
Doppler p r o f i l e s  observed side-on i n  t h e  midplane o f  t h e  c o i l .  Case (A)  
i s  sornerghat unfa~rorabHe f o r  our  measurements,  s i n c e  p a r t  of t h e  trapped; 
n e g a t i v e  n a g n e t i c  f i e l d  6 .  <s t s  during t h e  whole f i r s t  h a l f - c y c l e  of the  
d i s c h a r g e ,  r e s u l t i n g  i n  a very s t a b l e  h o l e  i n  t h e  plasma,  The o t h e r  
c a s e s  i n v e s t i g a t e d  do n o t  show such h o l e s ,  t h e  t r a p p e d  n e g a t i v e  magnetic 
f i e l d  d i s a p p e a r i n g  q u i t e  e a r l y  i n  t h e  d i s c h a r g e  c y c l e .  A t  e a r b y  t imes  
o t  t h e  d i s c h a r g e  t h e  plasma column e x p e r i e n c e s  a l s o  a s t r o n g  a x i a l  
compression,  and t h e  l e n g t h  of t h e  pHasma column w a s  measured by observ i rg  
l i n e s  of v a r i o u s  i o n i z a t i o n  s t a g e s  of carbon th rough  e q u i d i s t a n t  
h o l e s  i n  t h e  t h e t a  p inch  c o i l .  
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S p e c t r o s c o p i c  o b s e r v a t i o n s  were made end-on as w e l l  as s ide-on 
i n  t h e  mid-plane o f  t h e  c o i l ,  End-on, a vacum-W-monochromator o f  
t h e  Seya-mount t y p e  and a 2-meter g r a z i n g  i n c i d e n c e  i n s t r u m e n t  were 
used ,  S t o p s  a s s u r e d  t h a t  o n l y  t h e  c e n t e r  of t h e  plasma c o l m  
(1.25 cm i n  d iamete r )  was observed ,  Side-on o b s e r v a t i o n s  were made 
i n  t h e  v i s i b l e  u s i n g  a 1/2-meter monochromator. It was q u i t e  i m p o r t a n t  
t o  compare end-on and aide-on o b s e r v a t i o n s ,  En g e n e r a l ,  i t  tu rned  o u t  
that t h e  t ime h i s t o r i e s  d i d  n o t  a g r e e  f o r  the lower  i o n i z a t i o n  s t a g e s ,  
the Pines  observed end-on u s u a l l y  d i s p l a y i n g  much s lower  decay rates 
t h a n  t h e  ones o b t a i n e d  s ide-on,  However, w i t h  i n c r e a s i n g  i o n i z a t i o n  
s t a g e  r h e  t i n e  histories Secamc more and more a l i k e  u n t i l  t h e y  agreed 
for t h e  higber ones ,  i n d i c a t i n g  the plasma was t h e n  e s s e n t i a l l y  hon7ogenecus 
a s  assrmed i n  o u r  a n a l y s i s .  
This  s i t u a t i o n  i s  r e a d i l y  e x p l i c a b l e .  The h i g h e r  i o n i z a t i o n  
s t a g e s  w i l l  e x i s t  on ly  i n  t h e  h o t  plasma c o r e  whereas t h e  Lower stages 
will p r e v a i l  f o r  some t i m e  i n  c o o l e r  o r  low-densi ty  zones a t  t h e  e ~ d s  
sf t h e  plasrrla column, Here mot o n l y  plasma i s  l o s t ?  bent t h e  a x i a l  
compression i s  a l s o  no t  coXpfete  and w i l l  I e a v s  some low-densi ty  
plasma bekind.  For thir -eason,  side-on o b s e r v a t i o n s  were p r e f e r 1  ed, 
vraesl s e ~ ~  table visible l i n e s  could be found. . Carbon, n i t r o g e n ,  oxygen 
s a d  near- ions  weye in-ireseigated,  Chrban and oxygen are natural i lnpmri l ies  
i n  o u r  plasma, whereas n f t r o g e n  and neon were  added i n  s m a l l  amounts 
(~1%) t o  t h e  i n i t i a l  f i l l i n g  gas .  
5. R e s u l t s  and D i s c u s s i o n  
Tab le  LI g i v e s  t h e  f a c t o r  R, which i s  t h e  r a t i o  of e x p e r i m e n t a l  
r a t e  c o e f f i c i e n t  t o  t h e  t h e o r e t i c a l  one as g i v e n  by Eq .  ( 2 ) .  C o l ~ t ~ ~ n  2 
shows t h e  t empera tu re  r a n g e  o v e r  which t h e  i o n s  cou ld  b e  observed i n  
t h e  t h r e e  c a s e s  ( A ) ,  (B), and (C ) ,  S e v e r a l  more c a s e s  were i n v e s t i g a t e d ,  
b u t  gave l e s s  r e l i a b l e  v a l u e s .  
A s  mentioned i n  S e c t i o n  3,  a l t h o u g h  a c o n s t a n t  e l e c t r o n  d e n s i t y  
and t empera tu re  e ~ o u l d  be  d e s i r a b l e ,  some v a r i a t i o n s  of N and T  can be 
accounted f o r ,  T h i s ,  however, i s  p o s s i b l e  o n l y  as long  as t h e  v a r ~ a t i o n s  
a r e  n o t  t o o  s t r o n g ,  The t i x e  h i s t o r y  of a l i n e  i s  c h a r a c t e r i z e d  by t b e  
d e r i v a t i v e  of t h e  i n t e n s i t y  Pj = E 8 !L (a = dep th  of t h e  plasma a1Lon.g the 
l i n e  of s i g h t ) , a n d  from E q ,  ( 2 )  and Eg. (3 )  one o b t a i n s  
For s good d e t e r m i n a t i o n  of t h e  i o n i z a t i o n  r a t e s  t h e  f i r s e  t h r e e  
ke rns  shou ld  n o t  dominate r i le t ime  h i s t o r y .  U n f o r t u n a t e l y ,  however, the-; 
t e n d  t o  do s o  f a r  t h e  la:,is-; i o n i z a t i o n  s t a g e s ,  which o c c u r  e a r l y  
d u r i n g  tlae d i s c h a r g e ,  because  t e " compression and h e a t i n g  of 
Lhe plasma are very  r a p i d .  
For t h i s  r e a s o n ,  t h e  v a l u e s  f o r  C IV i n  Tab le  I1 a r e  n o t  t o o  
r e l i a b l e  and a r e  quc ted  t h e r e f o r e  o n l y  i n  b r a c k e t s .  (For t h i s  c a s e  
i t  was a l s o  n o t  p o s s i b l e  t o  match computed and observed t ime  h i s t o r i e s  
v e r y  w e l l , )  For  s i m i l a r  r e a s o n s ,  no i o n i z a t i o n  r a t e s  f o r  h i g h e r  s t a g e s  
Like Ne VIII were o b ~ z i n e d .  These i o n s  occur  s o  l a t e  d u r i n g  t h e  
1 a 
d i s c h a r g e  c y c l e  t h a t  plasma l o s s e s  become c o n s i d e r a b l e ,  and i t  was 
found t h a t  t h e  t ime  h i s t o r y  of N e  V I I I ,  f o r  example, w a s  e s s e n t i a l l y  
determined by t h e  f i r s t  term of Eq.  ( 7 ) .  En some c a s e s  t h e  v a l u e s  o ?  
R i n  T a b l e  11 could n o t  be  v a r i e d  by more t h a n  20% b e f o r e  d e v i a t i o n s  
of computed and observed t ime  h i s t o r i e s  of l i n e s  became obv ious ,  i n  
o t h e r  c a s e s  t h i s  l i m i t  was abou t  50%. The a b s o l u t e  v a l u e s  of t h e  e l e c t r o n  
d e n s i t y  and t empera tu re  shou ld  b e  a c c u r a t e  t o  ~ 1 5 % .  It i s  d i f f i c u l t  
t o  de te rmine  s y s t e m a t i c  e r r o r s  i n t r o d u c e d ,  f o r  example,  by i o n s  in !:he 
low-densi ty  plasma o u t s i d e  t h e  h o t  c o r e .  P o s s i b l e  e r r o r s  due t o  the 
f a c t  t h a t  d u r i n g  t h e  earsly compression phases  of t h e  d i s c h a r g e  i o n i -  
z a t i o n  of i o n s  o c c u r s  a l r e a d y  i n  t h e  h i g h  d e n s i t y  shock r e g i o n ,  w h i l e  
the  Low i o n i z a t i o n  s t a g e s  at t h e  c e n t e r  are s t i l l  u n a f f e c t e d ,  have 
been reduced by u s i n g  lower " e f f e c t i v e "  i o n i z a t i o n  r a t e s  f o r  t h e  lower 
s t a g e s .  It was e s t i m a t e d  t h a t  t h e  overs-all accuracy  of our  experiml-tatal 
r a t e s  i s  a f a c t o r  o f  2 o r  b e t t e r .  
The e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  o b t a i n e d  a r e  o n l y  about  60% 
Llhe t h e o r e t i c a l  r a t e s  givt 1 by Eq .  ( 2 ) .  However, t h i s  i s  w i t h i n  t h e  
exper imenta l  a c c u r a c y ,  and t h e s e  measurements t h u s  n o t  o n l y  a r e  i n  
agregrnent w i t h  E q ,  ( 2 )  b u t  a l s o  w i t h  t h e  p r e d i c t e d  r a t e  c o e f f i c i e n t s  of 
I I 8 
Lotz  and t h e  t h e o r e t i c a l  c s i c u l a t i o n s  of  Schwartz f o r  0 V I .  I n  a d d i t i o n ,  
p o s s i b l e  s y s t e m a t i c  e r r o r s  i n  our  measurements a s  q e n t i o n e d  above  odd ~ e l l d  
t o  yield t o o  low v a l u e s .  
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CAPTIONS 
F i g .  I. Values o b t a i n e d  a s  a f u n c t i o n  of t ime t ,  and r a d i u s  r, 
from t h e  Thomson-scattering measurements f o r  case ( A ) ;  
(a) f o r  e l e c t r o n  t empera tu re  T, and (b) f o r  e l e c t r o n  
d e n s i t y  N. 
Table  I: Discharge Condi t ions  
-600 Gauss 
-200 Gauss 
-600 Gauss 



